**Research Highlights**

\(1\) Medium- and high-intensity acute exhaustive exercise can increase the expression of the antiapoptotic protein Bcl-2 and the proapoptotic protein Bax in the hippocampal CA1 region, as well as the ratio of Bax/Bcl-2.

\(2\) Medium- and high-intensity acute exhaustive exercise induced neural cell apoptosis in the hippocampus, and medium-intensity acute exhaustive exercise resulted in more damage when compared with high-intensity exercise.

INTRODUCTION {#sec1-1}
============

Apoptosis, which aids in the regulation and maintenance of normal development and physiological processes, is a critical mechanism for regulating the cell number of multicellular organisms during their entire life. Abnormal changes to the apoptotic process can occur in a variety of diseases\[[@ref1]\]. Aerobic glucose metabolism is known to be the source of 85--95% of the brain\'s energy requirements, while the capacity of the brain to store oxygen and glucose is almost zero, which results in poor tolerance to hypoxic and ischemic injury\[[@ref2]\]. Of the various brain regions, hippocampal neural cells are the most sensitive to ischemic and hypoxic injury. The hippocampus functions *via* hypothalamic control of the pituitary gland and endocrine system, so if the hippocampus is damaged, the circadian rhythm release of adrenocorticotropic-hormone will be damaged\[[@ref3][@ref4][@ref5]\]. The hippocampus plays a key role in learning and short-term memory processing. In addition, stimulation of the hippocampus may cause behavioral changes, such as static state, apathy, and loss of initiative\[[@ref6]\]. During movement, the blood supply from various parts of the body is redistributed, and large amounts of blood are transferred to the skeletal muscle to maintain the blood supply during exercise\[[@ref7]\]. Under these conditions, brain ischemia/hypoxia inevitably occurs. When movement stops, blood supply to the brain recovers, which is similar to the process of ischemia/reperfusion\[[@ref8]\]. A previous study has shown that ischemia/reperfusion can cause hippocampal apoptosis\[[@ref9]\], alter its function, and cause tissue necrosis\[[@ref10]\]. Studies investigating the influence of exercise on neuronal number indicate that rats subjected to physical activity have an increased number of hippocampal neurons\[[@ref11]\]. The mechanism controlling neuronal number may involve both regulation of cell proliferation and apoptosis\[[@ref12]\]. Regular physical exercise such as wheel running and treadmill running have been shown to increase cell proliferation and survival in the hippocampal dentate gyrus of adult rodents\[[@ref13][@ref14][@ref15][@ref16]\]. However, it remains unknown how regular exercise influences the adolescent brain, and what role it plays in normal development and tissue homeostasis\[[@ref17]\]. Strenuous exercise influences apoptosis in a variety of tissues\[[@ref18][@ref19]\]. Few studies have investigated the effects of exercise on apoptosis in the brain; however, a previous study has shown that medium-intensity exercise does not alter apoptosis in the brain of adult rats\[[@ref20]\].

The present study examined the impact of acute exercise on hippocampal apoptosis in rats and monitored the effect of exercise training on apoptosis to provide scientific guidance for training athletes.

RESULTS {#sec1-2}
=======

Quantitative analysis of animals and results of acute exhaustive exercise {#sec2-1}
-------------------------------------------------------------------------

Thirty rats were equally and randomly assigned to three groups: control group (no exercise), medium-intensity exercise (at a speed of 19.3 m/min) and high-intensity exercise (at a speed of 26.8 m/min). Both exercise groups finished the acute exhaustive exercise without resistance. On average, the exhaustive exercise time (minutes) in the medium-intensity exercise group and high-intensity exercise group were 234.6 ± 60.05 and 92.4 ± 34.61, respectively. All 30 rats were involved in the final analysis.

Effect of acute exhaustive exercise on apoptotic cell death in the rat hippocampal CA1 region {#sec2-2}
---------------------------------------------------------------------------------------------

TUNEL staining showed that apoptotic cells were round or oval shaped, with brown or yellow stained nuclei of irregular size; while the nuclei of normal cells were blue following hematoxylin staining, and the size and appearance was consistent ([Figure 1](#F1){ref-type="fig"}). Few apoptotic cells were found in the hippocampus of the control group, but the number of apoptotic cells significantly increased in the medium- and high-intensity exercise groups compared with the control group. In particular, apoptotic cells in the high-intensity exercise group significantly decreased when compared with the medium-intensity exercise group (*P* \< 0.05; [Figure 2](#F2){ref-type="fig"}).

![Apoptotic cell death in the hippocampal CA1 region (TUNEL staining, light microscopy, × 400).\
(A) In the control group, there were few apoptotic cells (brown).\
(B) There were more apoptotic cells (brown) in the medium-intensity exercise group.\
(C) There were some apoptotic cells (brown) in the high-intensity exercise group.](NRR-8-127-g001){#F1}

![Effect of exhaustive exercise on apoptotic cell death in the CA1 region of the hippocampus.\
Data are expressed as mean ± SD of 10 rats in each group. ^a^*P* \< 0.05, *vs.* control group; ^b^*P* \< 0.05, *vs.* ME group using one-way analysis of variance followed by Tukey\'s method.\
C: Control group; ME: medium-intensity exercise group; HE: high-intensity exercise group. Apoptotic rate = number of TUNEL-positive cells/total cells × 100%.](NRR-8-127-g002){#F2}

Effect of acute exhaustive exercise on Bcl-2 and Bax expression in the rat hippocampal CA1 region {#sec2-3}
-------------------------------------------------------------------------------------------------

Neural cells in the rat hippocampal CA1 region were observed by light microscopy. The expression of Bcl-2 and Bax was brown/yellow or appeared as brown granules, and the cytoplasm and nucleus were also stained. There were few positive cells in the control group. The number of positive cells was significantly increased in the medium-intensity exercise and high-intensity exercise groups, particularly in the medium-intensity exercise group when compared with the control group (Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}).

![Expression of Bcl-2 in the rat hippocampal CA1 region (immunohistochemical staining, light microscopy, × 400).\
(A) There were few Bcl-2 positive cells (brown) in the control group.\
(B) There were a large number of Bcl-2 positive cells (brown) in the medium-intensity exercise group.\
(C) There were some Bcl-2 positive cells (brown) in the high-intensity exercise group.](NRR-8-127-g003){#F3}

![Expression of Bax in the rat hippocampal CA1 region (immunohistochemical staining, light microscopy, × 400).\
(A) There was almost no expression of Bax in the control group.\
(B) A large amount of Bax expression (brown cells) was observed in the medium-intensity exercise group.\
(C) Bax expression (brown cells) was less in the high-intensity exercise group when compared with the medium-intensity exercise group.](NRR-8-127-g004){#F4}

Compared with the control group, Bcl-2 and Bax expression was significantly increased in the medium-intensity exercise and high-intensity exercise groups (*P* \< 0.01). Expression was particularly obvious in the medium-intensity exercise group when compared with the high-intensity exercise group (*P* \< 0.01; [Figure 5](#F5){ref-type="fig"}). In addition, the ratio of Bax to Bcl-2 expression significantly increased in the medium-intensity exercise group when compared with the control group (*P* \< 0.01). However, the ratio of Bax to Bcl-2 expression was significantly decreased in the high-intensity exercise group (*P* \< 0.05) when compared with the control group. The ratio of Bax to Bcl-2 expression was significantly lower in the high-intensity exercise group when compared with the medium-intensity exercise group (*P* \< 0.01; [Figure 6](#F6){ref-type="fig"}).

![Bcl-2 and Bax protein expression in the rat hippocampal CA1 region.\
Data are expressed as mean ± SD of 10 rats in each group. ^a^*P* \< 0.01, *vs.* control group; ^b^*P* \< 0.01, *vs.* HE group (one-way analysis of variance followed by Tukey\'s test).\
C: Control group; ME: medium-intensity exercise group; HE: high-intensity exercise group.](NRR-8-127-g005){#F5}

![Ratio of Bax to Bcl-2 expression in the hippocampal CA1 region.\
Data are expressed as mean ± SD of 10 rats in each group. ^a^*P* \< 0.05, ^b^*P* \< 0.01, *vs.* control group; ^c^*P* \< 0.01, vs. HE group (one-way analysis of variance followed by Tukey\'s test).\
C: Control group; ME: medium-intensity exercise group; HE: high-intensity exercise group.](NRR-8-127-g006){#F6}

DISCUSSION {#sec1-3}
==========

Apoptosis is considered a vital component of various processes, including normal cell turnover, proper development, immune system function, hormone-dependent atrophy, embryonic development, and chemical agent-induced cell death\[[@ref21]\]. The proteins of the Bcl-2 family are important factors in the apoptotic process as they are key regulators of apoptosis that act on mitochondria\[[@ref22]\]. This protein family includes anti-apoptotic molecules, such as Bcl-2, and pro-apoptotic molecules, such as Bax\[[@ref23]\]. The Bcl-2 family members play a major role in regulating cell death in many cell types, including neurons\[[@ref24]\]. Bcl-2 family protein expression may play an important role in determining whether neurons survive or die. Expression of Bax, which induces apoptosis, is up-regulated in many neurodegenerative diseases\[[@ref25]\]. Bcl-2 family proteins are necessary components and essential regulators of apoptotic cell death. Recent studies have revealed that dysregulation of Bcl-2 family proteins could exacerbate ischemic neuronal injury\[[@ref26]\].

Results from the present study showed that in the medium-intensity exercise group, Bcl-2 protein expression levels were significantly increased, which led to increased apoptosis. Meanwhile, Bax expression significantly increased, resulting in an imbalance of cells expressing Bcl-2 and Bax. In the high-intensity exercise group, Bcl-2 expression was higher than that in the control group, and Bax protein expression was lower, which resulted in the reduction of apoptotic cell death and fewer apoptotic cells. After acute exercise, Bcl-2 immunoreactivity was higher than that of Bax. It is possible that acute exercise induced the overexpression of Bcl-2 protein and down-regulated the expression of Bax to exert its anti-apoptotic effect, thus promoting cell survival\[[@ref27]\] and neuroprotection\[[@ref28]\]. In contrast, after a long period of medium-intensity exercise, mitochondrial permeability can change\[[@ref22]\], which leads to the mitochondrion-mediated activation of the pro-apoptotic proteins Bax and Bak. Conformational changes to Bax and Bak lead to changes in mitochondrial inner membrane permeability, decreased membrane potential, and reduced energy synthesis, resulting in swelling of mitochondria and changes to mitochondrial permeability transition.

Following acute exhaustive exercise at different intensities, the amount of apoptosis increased in the hippocampal CA1 region of rats. Interestingly, medium-intensity exercise induced more apoptosis when compared with the high-intensity exercise group. Bax and Bcl-2 were involved in the regulation of apoptosis, and the balance between Bax and Bcl-2 expression was an important factor for apoptosis progression.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-4}
------

A randomized, controlled animal experiment.

Time and setting {#sec2-5}
----------------

The experiment was performed at the School of Biological Science and Technology, Central South University, China from September 2011 to March 2012.

Materials {#sec2-6}
---------

Thirty adult male Sprague-Dawley rats were provided by the Department of Experimental Animals, Xiangya School of Medicine, Central South University, China (license No. SYXK (Hunan) 2011-0001). They were aged 8 weeks and weighed 219.2 ± 19.5 g. They were raised separately, allowed free access to food and water, and were maintained at 20--24°C. The use of animals for experimental procedures was in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, issued by the Ministry of Science and Technology of China\[[@ref29]\].

Methods {#sec2-7}
-------

### Exercise patterns {#sec3-1}

According to the Berdford model\[[@ref30][@ref31]\], treadmill exercise (Zhejiang Hangzhou Thai Science and Technology, Zhejiang, China) was performed for the exercise groups. Before experimentation, preparation involved 3-day-long exercise to adapt (velocity: 10 m/min, gradient: 0°) and then a 3-day-long rest period. The experiment started on the 7^th^ day according to the following method: (1) In the medium-intensity exercise group, the gradient was 10 at an initial velocity of 10 m/min, accelerated to 19.3 m/min (equal to 76% VO~2max~) within 12 minutes. (2) In the high-intensity exercise group, the gradient was 10 at an initial velocity of 10 m/min, and then accelerated to 26.8 m/min (equal to 92.3% VO~2max~) within 12 minutes.

Exhaustion was observed when the rat could not maintain the anticipated velocity and lagged during the last one third of the treadmill exercise over 3 attempts. Rats would appear breathless, showed lassitude and lethargy, and would lie down.

### Sample preparation {#sec3-2}

Rats were sacrificed immediately after acute exhaustion exercise using Zoletil 50 (10 mg/kg, intraperitoneal injection)\[[@ref32]\]. The rats were transcardially perfused with 0.05 M PBS, and fixed with a freshly prepared solution consisting of 4% (w/v) paraformaldehyde in 0.5 M PBS (pH 7.4). Brains were dissected, post-fixed in the same fixative overnight, and transferred to 30% (w/v) sucrose for cryoprotection. Coronal sections (40 μm thick) were made using a freezing microtome (Leica, Nussloch, Germany). Ten sections on average in the hippocampus were collected from each rat. The sections of 2.5 mm to 2.7 mm posterior from the bregma were used for immunohistochemical staining.

### TUNEL staining {#sec3-3}

Apoptosis was detected by TUNEL\[[@ref33]\] using the *in situ* cell death detection kit (Shenzhen Jinmei BioEngineering Co. Ltd., Shenzhen, China). Shortly after deparaffinization and rehydration, hippocampal sections were rinsed briefly in 0.1 M PBS twice, digested in Proteinase K working solution (10 μg/mL in 10 mM Tris/HCl, pH 7.4--8.0), and incubated at 37°C for 15 minutes. Sections were next treated with TdT enzyme solution, label solution, and converter-peroxidase. The sections were developed with diaminobenzidine substrate for 10 minutes. Negative controls were produced using 0.1 M PBS rather than TUNEL reaction mixture. Apoptotic cells that were TUNEL-positive had brown yellow particles in the nucleus. At a magnification of × 400, 10 microscopic fields in the hippocampal CA1 region were taken randomly, and all cells including TUNEL-positive cells were quantified. The ratio of the number of TUNEL-positive cells to total cells was expressed as a percentage. The sections were observed under a light microscope (Nikon, Tokyo, Japan).

### Immunohistochemical staining {#sec3-4}

Paraffin embedded sections were placed in xylene for 5 minutes × 2 times, and treated with a series of graded ethanol solutions. Sections were incubated in 3% (v/v) H~2~O~2~ for 10 minutes, rinsed with distilled water for 5 minutes, washed with PBS, retrieved in citric acid salt antigen retrieval liquid (pH 6.0) using a microwave oven, cooled, and blocked in normal goat serum at room temperature for 10 minutes. The sections were incubated with Bcl-2 or Bax antibody at a dilution of 1:50 (rabbit polyclonal Bcl-2 antibody and mouse anti-rat Bax monoclonal antibody from Shenzhen Jinmei Biological Engineering Co., Ltd., Shenzhen, China) at 4°C in a wet box overnight. The next day, sections were washed with PBS and incubated with horseradish peroxidase-labeled sheep anti-rabbit/mouse (10 μg/mL) in 10 mM Tris/HCl, pH 7.4--8.0 (Shenzhen Jinmei Biological Engineering Co., Ltd.) at 37°C for 30 minutes. Sections were washed, incubated with diaminobenzidine, and counterstained with hematoxylin for 4 minutes. Tissue was examined using optical microscopy (× 400; Nikon), and six fields of view from each slice were analyzed using a Nikon microscope camera system and MIAS medical image analysis system.

### Statistical analysis {#sec3-5}

All data were expressed as mean ± SD and analyzed by SPSS 12.0 statistical software (SPSS, Chicago, IL, USA). One-way analysis of variance followed by Tukey\'s method was used for multiple comparisons. A *P* level less than 0.05 was considered statistically significant.
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